Technological University Dublin

ARROW@TU Dublin
Articles

NanoLab

2012-12

Reactive Oxygen Species Mediated DNA Damage In Human Lung
Alveolar Epithelial (A549) Cells From Exposure To Non-Cytotoxic
MFI-Type Zeolite Nanoparticles
Kunal Bhattacharya
Technological University Dublin

Pratap Naha
Technological University Dublin

Izabela Naydenova
Technological University Dublin, izabela.naydenova@tudublin.ie

See next page for additional authors
Follow this and additional works at: https://arrow.tudublin.ie/nanolart
Part of the Cell Biology Commons, and the Toxicology Commons

Recommended Citation
Bhattacharya, K., Naha, P. C., Naydenova, I., Mintova, S., Byrne, H.J., "Reactive oxygen species mediated
DNA damage in human lung alveolar epithelial (A549) cells from exposure to non-cytotoxic MFI-type
zeolite nanoparticles."Toxicology Letters, 215, 151-160 (2012). doi:10.1016/j.toxlet.2012.10.007

This Article is brought to you for free and open access by
the NanoLab at ARROW@TU Dublin. It has been accepted
for inclusion in Articles by an authorized administrator of
ARROW@TU Dublin. For more information, please
contact arrow.admin@tudublin.ie,
aisling.coyne@tudublin.ie.
This work is licensed under a Creative Commons
Attribution-Noncommercial-Share Alike 4.0 License
Funder: HEA PRTLI Cycle 4 INSPIRE

Authors
Kunal Bhattacharya, Pratap Naha, Izabela Naydenova, Svetlana Mintova, and Hugh Byrne

This article is available at ARROW@TU Dublin: https://arrow.tudublin.ie/nanolart/51

Toxicology Letters, 215, 151‐160 (2012)

Reactive oxygen species mediated DNA damage in human lung alveolar epithelial
(A549) cells from exposure to noncytotoxic MFItype zeolite nanoparticles
Kunal Bhattacharya1, 2*, Pratap C. Naha1, 3, Izabela Naydenova4, Svetlana Mintova5, Hugh J
Byrne1

1. Nanolab, FOCAS Research Institute, Dublin Institute of Technology, Kevin Street, Dublin
8, Ireland
2. Institute of Environmental Medicine, Division of Molecular Toxicology, Karolinska
Institutet, 13 Nobels Väg, S17177 Stockholm, Sweden
3. Department of Radiology, Perelman School of Medicine, University of Pennsylvania,
Philadelphia, PA 19104, USA
4. Centre for Industrial and Engineering Optics, FOCAS Research Institute, Dublin Institute
of Technology, Kevin Street, Dublin 8, Ireland
5. Laboratoire Catalyse &Spectrochimie, Université of Caen, 6, Boulevard du Maréchal Juin,
14050 Caen Cedex, France
Corresponding Author –
Kunal Bhattacharya,
Nanolab research centre,
FOCAS Research Institute,
Dublin Institute of Technology,
Kevin Street,
Dublin 8
Ireland
Phone – 00353 (0)1 402 7900
Email – kunal.bhattacharya@dit.ie
Now at –
Institute of Environmental Medicine,
Division of Molecular Toxicology
Karolinska Institute,
Nobels Väg 13,
S17177 Stockholm,
Sweden

1

Toxicology Letters, 215, 151‐160 (2012)

Abstract:
Increasing utilization of engineered nanoparticles in the field of electronics and biomedical
applications demands an assessment of risk associated with deliberate or accidental exposure.
Metal based nanoparticles are potentially most important of all the nanoparticles in terms of
health risks. Microporousaluminosilicates and pure silicates named as zeolites and zeotype
materials with variety of structures, chemical compositions, particle sizes and morphologies
have a significant number of industrial uses such as in catalysis, sorption and ionexchange
processes. In particular, the nanosized particles due to their unique properties are used in
hybrid organicinorganic materials for photography, photonics, electronics, labeling, imaging,
and sensing. The aim of the current study is to investigate pure silica MFItype
zeolitesnanoparticles with sizes of 50 nm and 100 nm (samples MFI50 and MFI100) under
suspended conditions and their toxicological effects on human lung alveolar (A549) cells
under in vitro conditions.
Live cell imaging showed that the nanoparticles precipitated from the colloidal suspension of
cell culture media as large agglomerates, coming in contact with the cell surface through
sedimentation. A cellular proliferative capacity test showed the zeolite nanoparticles to
exhibit no significant cytotoxicity belowa concentration of 100 µg/ml.However, both the
MFI50 and MFI100 nanoparticles induced high intracellular reactive oxygen species (ROS)
generation and elevated mitochondrial membrane potential in the A549 cells over the
measured time period of 12 hours and at concentrations up to ≤50 µg/ml. DNA fragmentation
analysis using the comet assay showed that the MFI50 and MFI100 nanoparticles cause
genotoxicity in a concentration dependent manner. Furthermore, the rate at which maximum
genomic damage was caused by MFI100 nanoparticles in the A549 cells was found to be
high as compared to the MFI50 nanoparticles. However, the damage caused by the MFI50
nanoparticles was found to accumulate over a longer period of time as compared to MFI100
nanoparticles.
The study therefore points towards the capability of the noncytotoxic zeolite nanoparticles to
induce oxidative stress resulting in shortterm altered cellular metabolism upregulation and
genomic instability. Although the damage was found to be shortlived, its persistence over
longer durations, or stabilization cannot be neglected. Further studies are in progress to yield
a better understanding of the mechanisms for oxidative stress and resulting cascade of events
leading to genetic damage in the human lung alveolar epithelial cells following exposure to
zeolite nanoparticles of different sizes.
Key words: Zeolite nanoparticles, Human lung alveolar (A549) cells, Cytotoxicity,
Genotoxicity, Reactive Oxygen Species, Mitochondrial Activity
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1. Introduction:
The increasing utilization of engineered nanoparticles for a range of application in fields such
as electronics, photonics and biomedicine demands an assessment of risk associated with
deliberate or accidental exposure. Major health concerns in relation to exposure to
nanoparticles arise from the same property which is of great importance for their potential
industrial applications, that is, the characteristic of high surface to mass ratio and potentially
high surface adhesion and reactivity compared to their larger counterparts (Colvin, 2003;
Oberdorster et al., 2005).
Metal based nanoparticles, due to their projected heavy usage in industrial fields, are
potentially most important of all the nanoparticles in terms of health risks (Burtea et al.,
2008; Huang et al., 2009; Liao et al., 2006; Yang et al., 2008). High rates of induction of lung
inflammatory responses and injury following the uptake of these metal based nanoparticles is
well documented (Asha Rani et al., 2009; Bhattacharya et al., 2009; Donaldson et al., 2010;
Jacobsen et al., 2009; Zhu et al., 2008). Direct and indirect interaction of nanoparticles with
cellular systems and induction of oxidative stress has been found capable of inflicting DNA
damage through adduct formation, strand breaks and mutations, further leading to cell death
or unregulated stimulation of cell growth (cancer)(Hackenberg et al., 2009; Karlsson et al.,
2008; Karlsson et al., 2009; SimonDeckers et al., 2008; WorleKnirsch et al., 2007). The
major cause of concern is long term retention of the nonbiodegradable nanoparticles inside
the biological system and their distribution following exocytosis (Strano and Jin, 2008).
Silicon dioxide (SiO2) particles have been principally implicated in causing silicosisand other
pneumological abnormalities in the lungs of occupationally exposed workers (Brown, 2009;
Brunner et al., 2006; Jovanovic et al., 2006). The main mode of action of SiO2 particle
cytotoxicity and DNA damage following their uptake in cells has been found to be throughthe
generation of extra and intracellular reactive oxygen species (ROS) and reduction
ofantioxidant levels(De Jong and Borm, 2008). SiO2nanoparticles have also been found to be
more cytotoxic in cells with slow metabolic activity as compared to those with higher
metabolic rates at high dosage exposures, causing membrane damages(Chang et al., 2007).
Studies done by Elias et al., (Elias et al., 2000) have shown that the biological activity of
silica at the cellular level is sensitive to the particle composition and structure of surface
functionalities and that the biological response to silica is a surface originated phenomenon.
Slowing et al. (Slowing et al., 2009) have shown the toxic (hemolytic) response of the SiO2
to be a surface silanol group dependent effect.
Inorganic nanoparticles, in particular zeolite materials, are being the focus of many
researchers due to their diverse framework type structures containing regular channel systems
(pores) whose dimension is in the order of the molecular size. Hence, these materials with
nanosized dimensions have been considered in wideranging applications such as photonics,
sensors, electronic and optical detection systems, therapeutics, diagnostics, photovoltaics and
catalysis. In addition to the conventional zeolites, the nanosized counterparts with a size in the
3
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range of 51000 nm have attracted considerable attention during the last two decades (Bein et
al., 2005; Mintova, 2003; Valtchev and Mintova, 2011).
While the chemical composition and the framework type structure of zeolites are important,
even more vital are the size and shape of the nanoparticles which determine their
surface/colloidal properties. The reduction of particle size from micrometer to nanometer
scale leads to substantial changes in their properties and thus different performances even in
traditional applications are expected. Moreover, the significance of these nanosized materials
is mainly related with the emerging area of applications that goes far beyond traditional
separation and catalytic processes.(Leite et al., 2010; Majano et al., 2006; Mihailova et al.,
2005; Mintova et al., 1999a; Mintova et al., 1999b; Mintova and Valtchev, 2002; Ng et al.,
2012).
Zeolite nanoparticles have to date not been studied for their biocompatibility in humans
because of relatively low incidences of direct contact. Bedi et al., have studied the
biocompatibility of zeolite coated on commercially potent titanium to pluripotent mouse
embryonic stem cells and found higher adhesion and rate of cellular proliferation (Bedi et al.,
2009). However, since different cells demonstrate different types and magnitude of responses
on exposure to nanoparticles, it is important to analyse the response of human lung cells on
exposure to the zeolite, as a model of respiratory exposure (Bhattacharya et al., 2009).
The aim of the current study is to explore the properties of crystalline zeolite nanoparticles
and their toxicological effects on human lung alveolar (A549) cells under in vitro conditions.
The properties of the nanoparticles (pure silica MFItype zeolite) are studied when suspended
in protein/ionic solution using various analytical techniques. The biocompatibility of the
nanoparticles is studied by analyzing their effect on the biological properties of cellular
proliferation, cytotoxicity and both extracellular and intracellular free radical generation
capacity.
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2.

Materials and methods
2.1. Test materials and reagents

Pure silica zeolite nanoparticles with MFI type structure of nominal sizes of 50 nm and 100
nm were synthesized according to the procedures described elsewhere (Mintova and Bein,
2001; Mintova et al., 2002; Mintova and Valtchev, 2002). For clarity, the samples with
particle size of 50 nm and 100 nm will be named as MFI50 and MFI100, respectively in the
text.
2.2. Scanning Electron Microscopy (SEM) images
Suspensions of one microgram per millilitre of MFI50 and MFI100 nanoparticles in double
distilled water were drop cast onto a Teflon coated carbon tab and dried in an oven at 60°C
overnight. The carbon tab was mounted onto a steel pin and imaged under high vacuum with
an SU6600 SEM microscope.
2.3. Nitrogen sorption (porosity), zeta potential (ZP) and particle size distribution (PSD)
measurements
N2 sorption measurements(Brunauer et al., 1938) of dry samples were performed using a
Gemini series surfacearea analyzer (Micromeritics, USA). Prior to the measurements,
approximately 0.05 g of each sample was degassed at 200 °C fortwo hours.
Zeta Potential (ZP) and Particle Size Distribution (PSD) measurements of the MFI50 and
MFI100 nanoparticles were performed using a MalvernZS seriesnanozetasizer.
Nanoparticles of equal concentration (100 µg/ml) were suspended freshly in deionized double
distilled water (ddH2O) and RPMI1640 medium supplemented with 5% foetal bovine serum.
All the suspensions were evenly mixed with the help of an ultrasonic bath at 50% power for 5
minutes (mins).The measurements were performed immediately at an ambient temperature of
25°C using the Smoluchowski model for zeta potential analysis (Smoluchowski, 1921),and
dynamic light scattering (DLS) for particle size distribution.
2.4. Surface reactivity of zeolite nanoparticles
The ability of the zeolite nanoparticles to convert hydrogen peroxide into hydroxyl radicals
on their reactive surface was analyzed using the Europium(III)Tetracycline (Eu(III)Tc)
derived fluorescence method (Dehaen et al., 2009). For the assay, 4
Morpholinepropanesulfonic acid sodium salt (Mops) buffer at a concentration of 10 mM was
prepared. In the Mops buffer, different solutions of Europium Tetrachloride of 6.3 mM
concentration (solution A) and Tetracycline Hydrochloride at a concentration of 2.1 mM
(solution B) were prepared. Both the solutions A and B were mixed in a ratio of 1:1 to form
Europium Tetracycline just before the experiment. A 5mM concentration of hydrogen
peroxide (H2O2) was prepared in the Mops buffer. The assay was carried out using a Tecan
fluorescent plate reader with an excitation wavelength of 405 nm and emission wavelength of
620 nm. Measurements were obtained at the different postexposure time periods of 45, 60
and 75 mins. Increase/decrease in the fluorescence (expressed as percentage of control) was
5
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calculated by comparing the fluorescence of Eu(III)Tc with H2O2 (with/without nanoparticles
/ FeSO4) to fluorescence from Eu(III)Tc with no H2O2. Surface reactivity of the nanoparticles
was determined by comparing the rate of dissociation of H2O2 into hydroxyl radicals
following their exposure to the different concentrations of the zeolite MFI50 and MFI100
nanoparticles, relative to the natural rate of dissociation of H2O2 (no nanoparticles/negative
control) and positive control (FeSO4).
2.5. Cell culture
Human alveolar basal epithelial adenocarcinoma (A549) cells were purchased from the
European Collection of Cell Cultures (ECACC, Cat No.86012804). The cells were derived
from a 58 years old Caucasian male and have a hypotriploid karyotype. The doubling time for
the cell was found to be approximately 22 hrs.The cells were maintained in RPMI1640
media supplemented with 10% FBS and 1% PenicillinStreptomycin (PS) and incubated in a
standard humidified condition at 37°C and 5% carbon dioxide. Before exposure, the cells
were preincubated for 24 hours (hrs) in RPMI1640 media supplemented with 5% FBS and
1% PS.
2.6. Live cell imaging of zeolite nanoparticle uptake
For the study, 1 x 105cells were plated in a T25 cell culture flask and preincubated for 24
hrs before exposure to the nanoparticles. All the nanoparticles were suspended immediately
before exposure in RPMI1640 supplemented with 5% FBS and 1% PS. The A549 cells were
exposed to 5 µg/ml of the MFI50 and MFI100 nanoparticles for a time period of 12 hrs. As
a negative control, only cell culture medium supplemented with 5% FBS and 1% PS was
used to culture the A549 cells. Microscopic images of the nanoparticle precipitation and
uptake by the cells as compared to the negative control were acquired using AxioVision live
cell imaging software attached to a Zeiss fluorescent microscope using the brightfield setting
and 40x objective lens at time intervals of 5 mins for 12 hrs.
2.7. Cellular Proliferation Assay
The effect of exposure to the nanoparticles on the cellular proliferation was measured using
the alamar blue (AB) assay (Davoren et al., 2007). For the study, 1 x 105cells were plated and
preincubated in a flat bottom 96 well plate, 24 hrs before exposure to the nanoparticles. All
the nanoparticles were suspended and vortexedimmediately before the exposure in RPMI
1640 supplemented with 5% FBS and 1% PS followed and the A549 cells were exposed to
concentrations of the MFI50 and MFI100 nanoparticlesranging between 0.0010 – 100
µg/ml, while the negative control was given a fresh change of complete cell culture medium
for 24 and 48 hrs. The bioassay was carried out according to the previously described
methodology (Davoren et al., 2007). Briefly, control media or test exposures were removed;
the cells were rinsed with PBS and 100 μl of an AB solution (5% [v/v]) prepared in fresh
medium (without FBS or supplements) were added to each well. Following 3 hrs incubation,
AB fluorescence was quantified at the respective excitation and emission wavelengths of 540
nm and 595 nm in a Tecanmicroplate reader. The mean fluorescence units for the six
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replicate cultures were calculated for each exposure treatment and the mean blank value was
subtracted from these.
2.8. Intracellular reactive oxygen species (ROS) generation
Intracellular
ROS
was
measured
using
5(and6)chloromethyl2,7
dichlorodihydrofluorescein diacetate acetyl ester (CMH2DCFDA) dye. In brief, 1 x 105 A549
cells were plated per well in black, flat bottom 96 well plates and preincubated for 24 hrs.
The cells were then exposed to nanoparticleconcentrations of 1, 10 and 50 µg/ml for different
time intervals (2, 4, 6, 12 and 24 hrs). After the lapse of the exposure time, the cells were
washed twice with PBS and they were exposed to 10 μM concentration of CMH2DCFDA
and incubated for 1 hr at 37°C in a 5% CO2 humidified incubator. After the lapse of the
appropriate time period, fluorescence was measured at an excitation wavelength of 488 nm
and an emission wavelength of 530 nm in a Tecanmultiplate reader and the fluorescence
percentage compared to the negative controls (no nanoparticle exposure) was calculated. All
experiments were performed thrice in triplicate.
2.9. Mitochondrial membrane potential measurement using florescence plate reader and
confocal study
For the study, 1 x 105cells were plated on a flat bottom 96 well plate and preincubated for 24
hrs before exposure to the nanoparticles. Both the MFI50 and MFI100 nanoparticles were
suspended immediately before the exposure in RPMI1640 supplemented with 5% FBS and
1% PS and mixed by vortexing. The nanoparticles were exposed to the A549 cells in different
concentrations for exposure times of 1, 2, 4, 6, 12, 24 and 48 hrs. As a negative control, cells
were treated with normal cell culture media and as a positive control, cell culture media
containing 25 µM of Valinomycine B (Furlong et al., 1998). Postexposure, the cells were
washed thoroughly using lukewarm PBS and exposed to 5µM of Rhodamine123 dye. The
cells were again incubated for 30 mins and then washed with PBS to remove excess dye.
Measurements were obtained immediately at excitation and emission wavelengths of 488 and
535 nm using Tecanmicroplate reader.
2.10. Genotoxicity analysis
The study was performed using single cell gel electrophoresis (comet assay) under alkaline
conditions. For each measurement, 1x105A549 cells were plated individually in Falcon’s T
25 flasks and preincubated for 24 hrs. The cells were exposed to a freshly prepared
suspension of MFI50 and MFI100 nanoparticles in cell culture medium at the
concentrations of 1, 10, 50 and 100 µg/ml for 24 hrs. After the elapse of the exposure time,
the cells were washed, trypsinized and suspended in low melting agarose and cast onto a gel
bond film. Following the polymerization of the agarose, the cells were lysed overnight in a
freshly prepared and precooled cell lysis buffer. Electrophoresis of the lysed cells was
performed at a pH 12.7 for 10 mins (conditions: 300 mA, 1.5 V/cm at 4°C), following which
the agarose was treated with neutralisation solution for 30 mins and dehydrated in absolute
CH3COOH for 2 h. These agarose gels were dried in darkness overnight at 4°C and stained
7
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with SYBRGreen nucleic acid stain (Invitrogen; Cat. No. S7585). Imaging and analysis were
performed on a Leica upright microscope attached with a CCD camera and using 'Comet
Assay V' software. The value of olive tail moment (OTM), defined as the product of the tail
length and the fraction of total DNA in the tail, is calculated according to
OTM = Tail DNA% x (Mean Tail length – Mean Head length)
(Comet, 2011)



2.11. Statistical analysis
All the physicochemical analysis was preformed once in triplicates while the biological
parameter experiments were performed thrice in triplicates. Treated versus control data were
statistically analyzed for their significance using one way ANOVA followed by a Holm
Sidak PostHoc test. A pvalue of <0.01 for control versus treated was considered to be
significant.
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3. Results
3.1. Physicochemical characteristics of the nanoparticles
Under dry conditions, scanning electron microscopy (SEM) images recorded from the MFI
50 and MFI100 samples showedalmost spheroidal shape crystalsof relatively homogeneous
size and morphology (Fig. 1). The particle sizes determined by SEM were consistent with
theirnominal values. In addition, the microporosity of the two samples as determined by
N2adsorptionwas similar, although the total porosity of the MFI50 (108.3 ± 0.4 m2/g) was
twice as high as that of the MFI100 sample (48.1± 0.2 m2/g). This was due to the increased
mesoporosity in the MFI50 sample, which can be explained by the high interparticle porosity
between the smaller crystallites (the socalled textural porosity is higher). Assuming constant
mass and density of particles per gram, the MFI50 sample would contain 8 times more
nanoparticles compared to the MFI100.
Suspension of equal concentrations of the MFI50 and MFI100 nanoparticles in double
distilled water showed that both nanoparticles had highly negative zeta potential (MFI50 nm:
22.5±0.5 mV; MFI100: 42.5±0.8 mV) and formed a stable colloidal suspensions with a
monomodal particle size distribution (polydispersity index: ≤0.1±0.0) (Table 1). The average
particle size distribution determined by DLS was found to be consistent with the observations
of SEM imaging, although slightly less than the nominal values in both cases.
Suspension of equal concentration of the MFI50 and MFI100nanoparticles in the RPMI
1640 cell culture media supplemented with 5% foetal bovine serum (FBS) proteins caused
animmediate and significant reduction in their zeta potential (MFI50: 13.2±0.7 mV; MFI
100: 12.6±0.8 mV) when measured immediately following their suspension. The particle
size distribution also indicated the formation of agglomerates with a high polydispersity
index (≤0.2±0.0) (Table 1). Changes in the zeta potential and particle size distribution of the
nanoparticlesindicated an interaction between their native surface and the surrounding ions
and biomolecules of the medium changing their physical properties.
Surface catalytic activity of the zeolite nanoparticles tested through the capacity to
breakdown hydrogen peroxide (H2O2) into hydroxyl radicals (OH•) showed the nanoparticles
to have a nonreactive surface at all the concentrations and time points tested (Figure 2).
Hydrogen peroxide in contact with the nanoparticle surface was found to have a rate of
dissociation comparable to that of the negative control, H2O2, without any nanoparticles, and
no significant dose or exposure time dependence was observed. The validity of the study was
confirmed using ferric sulphate (FeSO4) which was used as a positive control and resulted in
a higher rate of dissociation of H2O2through a Fenton type reaction.
3.2. Live cell imaging of zeolite nanoparticle uptake
Timelapse live cell images showed continuous sedimentation of the protein covered zeolite
nanoparticles in the form of large agglomerates (MFI50: data not shown; MFI100 nm:
Supplement Movie 2) to the bottom of the cell culture flask continuously over a period of 12
hrs. These agglomerated particles were significantly larger than those observed through DLS
9
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(Table 1), the difference being that DLS was performed immediately following suspension
(within 2 minutes) and the live cell microscopic images were acquired over a period of 12 hrs
with a time gap of 5 minutes per image. The time lapse images indicate that the majority of
the zeolite nanoparticles were taken up by the cells as agglomerates. While uptake of single
nanoparticles is possible (Salvati et al., 2011), in our study we could not discern or
differentiate the uptake or translocation of single or agglomerated nanoparticles due to the
nonfluorescent nature of the nanoparticles and the resolution limit of the brightfield
microscope. No difference was found in the cellular chemotactic movement, physiology and
proliferative capacity of the A549 cells exposed to the MFI50 (not shown) and MFI100
(Supplement data: Movie 2) nanoparticles as compared to the negative control (Supplement
data: Movie 1).
3.3. Cellular Proliferative Capacity
Following exposure to a wide range of concentrations of MFI50 and MFI100 nanoparticles,
after the time periods of 24 and 48 hr, no loss of cellular proliferative capacity, as measured
by the AB assay, was observed in the A549 cells as compared to the negative control (Figure
3). The results therefore indicate that the MFI50 and MFI100 nanoparticles were non
cytotoxic to the A549 cells over the concentration range of 0.001 – 100 µg/ml.These data are
also in agreement with the previously illustrated noncytotoxic behaviour of the zeolite
nanoparticles as observed using the live cell imaging technique (Supplement: Movie 2).
3.4. Intracellular Reactive Oxygen Species (ROS) generation
A shortterm exposure (2 hr) of the A549 cells to the MFI50 and MFI100 nanoparticles
were found to initiate the generation of intracellular ROS, although the dose and time
dependence appears complex, as shown in the figures 4A, B (the negative control was set at
zero ‘0’and hence is at the baseline level (x axis) of the graph and not visible). At, lower
doses (1 µg/ml), both MFI50 and MFI100 nanoparticles caused a biphasic generation of
intracellular ROS, showing increased levels at 2 and 12 hrs and subsequent reductions at 4
and 24 hrs. A similar biphasic response to nanoparticle exposure was previously reported by
Mukherjee et al. (Mukherjee et al., 2010), and the intermediate minima were ascribed to
quenching of the initial ROS by intracellular antioxidants. Such a biphasic response was not
evident at higher doses (10 µg/ml and 50 µg/ml), although this may be because the initial
maximum was shifted to shorter timepoints. Similarly, no consistent dose dependent
generation of ROS was observable across the time points, with the exception of the 4 hr
exposures where we expected a high antioxidant activity. It is therefore difficult to
quantitatively compare the levels of ROS generation for the two nanoparticle types.
Nevertheless, a comparison of the 4 hr and 12hr levels indicate that there was no significant
difference in the ROS generation for the two different nanoparticles, as shown in figures 4C,
D. This was consistent with the uptake of large nanoparticles agglomerates which had lost
any specific characteristics of the constituent nanoparticles.
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3.5. Mitochondrial membrane potential
Exposure of the A549 cells to both the MFI50 and MFI100 nanoparticles was found to
cause an increase in the mitochondrial membrane potential(ΔΨm) of exposed A549 cells,
although again the dose and time dependence appears complex (Figure 5A, B; The negative
control was set at zero ‘0’and hence is at the baseline level (x axis) of the graph and not
visible). For both nanoparticle types, at low doses (1 mg/l), a monotonic increase in ΔΨmto a
maximum after 12 hr exposure was observed. Exposure of the A549 cells to the intermediate
dosage of 10 mg/l was found to result in a minor difference in ΔΨm for each nanoparticle
type. For A549 cells exposed to the MFI50 nanoparticles, a monotonic increase was
observed, which was more rapid compared to the lower dosage of 1 mg/l. In the case of the
A549 cells exposed to the MFI100 nanoparticles, an initial increase until 4 hrswas followed
by a decrease at 6 hrs and a subsequent increase, reaching maxima at 12 hrs. The highest
dosage of 50 mg/l, caused significantly elevated ΔΨmvalues in the A549 cells within the
observed shortest exposure time of 2 hrs, followed by a steady decrease until the maximum
exposure time period of 24 hrs. Exposure to the Valinomycine B caused a decrease in ΔΨm
that was <5% fluorescence percentage as compared to the negative control in the A549 cells
(data not shown).
A comparison of the two parameters of intracellular ROS generation and ΔΨm at the time
points of 4 and 12 hrs shows some degree of correlation, as shown in Figure 6 A, B. While,
mitochondria is capable of generating intracellular ROS, through the electron transport chain
complexes (McLennan and DegliEsposti, 2000), other pathways for ROS generation also
exists and are equally capable of affecting the ΔΨm through intrinsic cell signalling
(Mukherjee et al., 2010; Thannickal and Fanburg, 2000). Variation between the pattern of
ΔΨm modification and intracellular ROS levels within the A549 cells was probably due to a
time lapse between the response mechanisms, in addition to the complex interaction between
the nanoparticles of different sizes and dosages.
3.6. Genotoxicity (DNA fragmentation study using Comet assay)
Analysis of the genotoxicity of the MFI50 and MFI100 nanoparticles in the A549 cells was
performed by studying the level of DNA fragmentation using the comet assay analysis
(parameter: Olive tail moment). The results indicated the occurrence of a statistically
significant degree of DNA damage, compared to the negative control, in the A549 cells
exposed to the zeolite nanoparticles at all the time points measured (Figure 7; The negative
control was set at zero ‘0’and hence is at the baseline level (x axis) of the graph and not
visible). MFI100 nanoparticle exposure resulted in a higher rate of DNA damage in the
A549 cells, reaching maximum DNA damage at 24 hrs, as compared to the MFI50 particles
which caused maximum DNA damage at 48 hrs (Figure 7). The data also indicates that while
the DNA damages caused by the MFI100 were short termed reducing at 48 hrs (Figure 7),
genotoxicity caused by the MFI50 nanoparticles in the A549 cells was observed to
besustained longer (48 hrs), indicating the possibility of variation in pathways / cell
organelles involved in the ROS generation and therefore the dissimilarity in the time for the
oxidative intermediates to reach and react with the genomic DNA. The data also indicated
11
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that at the time point of maximum DNA damage in the A549 cells exposed to the MFI50 and
MFI100 nanoparticles, a concentration dependent increase in the level of DNA
fragmentation occurs up to the measured dosage of 50 µg/ml (Figure 7).
A comparison between the generation of intracellular ROS (Figure 4 A,B), ΔΨm (Figure 5 A,
B) and the resulting genotoxicity (Figure 7) in the A549 cells following exposure to the MFI
50 and MFI100 nanoparticles indicated an interrelationship between the three factors.
Maximum DNA fragmentation in the A549 cells exposed to both the MFI50 and MFI100
nanoparticles was observed to occur posthighest generation of ROS and ΔΨm alteration at
12 hrs exposure.
The study also indicated that while ROS generation subsided in the A549 cells and the cells
recovered from oxidative stress following exposure to both the MFI50 and MFI100
nanoparticles at the point of 24 hrs, genotoxicity (DNA fragmentation) continued to occur
and increase postoxidative stress through possible interaction between the genomic DNA
strands and ROS oxidation intermediates.
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4. Discussion and conclusion
This study explored the varying biological response of the human lung alveolar epithelial
(A549) cells to exposure to zeolite nanoparticles (MFI50 and MFI100, 50 nm and 100 nm
in diameter, respectively) in terms of cell viability, oxidative stress and mitochondrial
membrane potential (ΔΨm) variation and genotoxicity under in vitro conditions.
The zeolite nanoparticles (MFI50 and MFI100) indicated that while they are well dispersed
in pure water, suspensions in the cell culture medium resulted in adsorption of biomolecules
and ions on their native surface, causing the formation of a surface corona and a reduction of
their zeta potential. The resulting loss of zeta potential caused the agglomeration of the
nanoparticles leading to precipitation out of the colloidal suspension as sediment to bottom of
the cell culture flask. The phenomenon of adsorption of protein on the surface of the
nanoparticles (Gray, 2004; Lynch et al., 2006) leading to their aggregation, or agglomeration
is well reported (Borm et al., 2006; Lynch et al., 2007).Studies using gold nanoparticles
suggested that varying rate of sedimentation following agglomeration of the nanoparticles
having particle size distribution beyond the threshold limit of 50 nm, areimportant factors for
determining the type of biological response in the cellular system following their uptake(Cho
et al., 2011; Lison and Huaux, 2011). In our study, we observed that the majority of these
large agglomerates of nanoparticles, behaving as large particles, came in contact with the cell
surface possibly along with nanoparticles smaller than the resolution of a light microscope
(200 nm).
The study showed that the zeolite nanoparticles (50 nm and 100 nm) at the used
concentrations were noncytotoxic to the A549 cells at the used concentrations. The observed
noncytotoxicity of the nanoparticles at test concentrations up to 100 µg/ml qualified them as
≥Category 3 toxicity substance, as per the published OECD 423 guidelines (Byrne et al.,
2010; OECD, 2001). The absence of catalytic surface activity of zeolite nanoparticles
supported the intracellular origin of reactive oxygen species (ROS) in the A549 cells
following exposure to the nanoparticles. Intracellular ROS, under normal physiological
conditions, are major signalling molecules and are regulated through antioxidants (Valko et
al., 2007). Under stress conditions, the extensive network of cellular antioxidants, divided
into primary (glutathione peroxidase, superoxide dismutase, catalase and
thioredoxinreductase) and secondary (reduced glutathione) defense mechanisms, play a major
role (Stahl et. al., 1998) in converting the ROS into nonreactive molecules.However, over
expression of ROS results in reduced antioxidant protection, breakdown of functional
biomolecules into unusable byproducts and a cascade of events causing oxidative stress,
genomic instability and apoptosis, or, unregulated cellular growth stimulation (cancer)
(Halliwell and Whiteman, 2004). In our study, the absence of any relationship between the
noncytotoxic behavior of the Zeolite nanoparticles,although causing intracellular oxidative
stress in the exposed A549 cells, indicated the possibility that the intracellular antioxidant
system is capable of regulating the level of ROS below the minimum threshold limits
required for cellular injury and death.
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While our study demonstrated a close correlation between the generation of intracellular ROS
and elevated levels of mitochondrial membrane potential (ΔΨm), the nonlinear relationship
between the two indicates the possible presence of other modes of intracellular ROS
generation. Mukherjee et al. (Mukherjee et al., 2010), working with polymeric dendrimers,
have previously demonstrated that intracellular ROS can be generated within secondary
endosomes and lysosomal compartments following the uptake of polymeric nanoparticles.
Therefore, the presence of a similar mechanism cannot be ruled out. Cellular organelles such
as endosomes, lysosomes and Golgi apparatus are well known for their capability to generate
ROS in various metabolic and food processing activities (Andreyev et al., 2005; Jiang et al.,
2011; Kurz et al., 2010; Mukherjee et al., 2010). The role of elevated ΔΨm and increased
ROS generation following exposure of the A549 cells to zeolite nanoparticles (50 nm and 100
nm) can be related to the previous studies done by O’Rouke(O'Rourke, 2007) and Nicholls
(Nicholls, 1977) who have reported that a high mitochondrial membrane potential indicates
an increase in the proton motive force, thereby increasing the rate of oxidative
phosphorylation, K+ionophore activation and ROS generation.
Oxidation of DNA bases as a result of oxidative stress (elevated ROS levels) following
exposure to genotoxicants leads to DNA fragmentation, which is a wellstudied indicator of
long term damage incurred by an organism (Collins et al., 1996; Moller, 2005). Previous in
vitro studies, performed on mammalian cells lines, have demonstrated increased DNA
fragmentation resulting from oxidative stress following exposure to different metallic and
polymeric nanoparticles (Bhattacharya et al., 2009; Mukherjee et al., 2010). In the present
study, the silica based zeolite with MFI type structure with 50 nm and 100 nm nanoparticles
were found to induce a concentration dependent increase in genotoxic effect in the exposed
A549 cells. However, the rate at which maximum genomic damage occurs in the A549 cells
tended to be different for both the nanoparticles, with the MFI nanoparticle with 100 nm
inducing faster DNA damage as compared to the smaller (50 nm) nanoparticles. It was
further noticed that, while the DNA damage caused by the MFI100 nanoparticles recovered
over time, the damage caused by MFI50 nanoparticles accumulated over time and was not
found to be decreased at the maximum timepoint studied. However, long term damage such
as point mutations as a result of DNA repair mistakes in the cells exposed to the larger 100
nm nanoparticles cannot be ruled out.
The study thus demonstrated that noncytotoxic zeolite nanoparticles (50 nm and 100 nm)
were capable of inducing DNA damage through intracellular generation of ROS and modified
metabolic activity as shown by ΔΨm. While, the cellular damage induced by both zeolite
nanoparticles was at high dosage not environmentally relevant, the study model demonstrated
cellular damages occurring from long term accumulation of biopersistent nanoparticles.
The conclusion drawn from this study shows that that the pure silica MFItype zeolite with 50
nm and 100 nm nanoparticles are relatively nonreactive and cytotoxic to the human alveolar
cells. The observed oxidative stress, heightened mitochondrial activity and genotoxic
damages occur at environmentally nonrelevant high dosage levels. However, their potential
to cause damage makes them candidates, like other metal oxide based nanoparticles, to cause
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lung diseases following long term bioaccumulation and biodistribution. Accumulation of
these biopersistent nanoparticles inside human lung following inhalation over long periods of
time can cause long term health effects and therefore care should be taken in handling of the
nanoparticles. Further studies are in progress to provide a better understanding of the role of
mitochondrial and other cell organelles in causing oxidative stress and possible relation to
observed genotoxicity.
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Legends
Table 1:Physicochemical characterization of MFI50 and MFI100 nanoparticles in dry and
suspended (water and RPMI1640 cell culture media with 5% foetal bovine serum) condition
at ambient temperature (25ºC).
Figure 1. Scanning electron microscopic (SEM) images of (a) MFI50 and (b) MFI100
nanocrystals.
Figure 2: Surface catalytic activity measurement of MFI50 and MFI100 nanoparticles
suspended in 10 mM concentration of 4Morpholinepropanesulfonic acid sodium salt (Mops)
buffer and 5 mM concentration of hydrogen peroxide (H2O2) using Europium(III)
Tetracycline dye. The measurements were taken at different time points of 45, 60 and 75
mins. Ferrous Sulphate (FeSO4) was used as a positive control and 10 mM Mops buffer with
5 mM H2O2 with no nanoparticles was used as a negative control.
Figure 3: Cellular proliferative capacity of the A549 cells exposed to the MFI50 and MFI
100 nanoparticles for the measured concentrations of 0.001 – 100 µg/ml and the exposure
time points of 24 and 48 hr using alamar blue assay.
Figure 4: Intracellular oxidative stress measured using fluorescent 5(and6)chloromethyl2,
7dichlorodihydrofluorescein diacetate acetyl ester dye in A549 cells exposed to (A) MFI50,
and (B) MFI100 nanoparticles for the time periods of 2, 4, 6, 12 and 24 hours (hr).Change in
the intracellular levels of free radicals is depicted as fluorescence percentage relative to the
negative control set at zero ‘0’and hence is at the baseline level (x axis) and not visible. P
Values: <0.001  ***; <0.01  **; <0.05  *.Figures ‘C’ and ‘D’ represent comparative
analysis of intracellular ROS generated at 4 and 12 hrs, respectively in the A549 cells
following exposure to the MFI50 and MFI100 nanoparticles.
Figure 5: Mitochondrial membrane potential of the A549 cells exposed to (A) MFI50, and
(B) MFI100 nanoparticles for the time period of 2, 4, 6, 12 and 24 hours (hr) using
fluorescent Rhodamine123 dye. Change in the mitochondrial membrane potential is depicted
as fluorescence percentage relative to the negative control set at zero ‘0’and hence is at the
baseline level (x axis) and not visible. P Values: <0.001  ***; <0.01  **; <0.05  *.
Figure 6: Comparative analysis of intracellular ROS generation and mitochondrial
membrane potential of the A549 cells exposed to MFI50 and MFI100 nanoparticles for (A)
4 and (B) 12 hrs.
Figure 7: DNA damage in the A549 cells exposed to MFI50 and MFI100 nanoparticles for
the time durations of 12, 24 and 48 hours (hrs) measured using alkaline comet assay and
Olive tail moment parameter. The negative control was set at zero ‘0’and hence is at the
baseline level (x axis) and not visible. P Values: <0.001  ***; <0.01  **; <0.05  *.
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Table 1

MFI50 nanoparticles

Zeta Potential
(mV)

Particle Size
Distribution
[Number
Percentage]

MFI100 nanoparticles
Particle Size
Distribution

Polydispersity
Index

Zeta Potential
(mV)

[Number
Percentage]

Polydispersity
Index

(d.nm)
(d.nm)
Suspension in
double distilled
water
Suspension in
RPMI1640 cell
culture media
with 5% Fetal
Bovine Serum

22.5±0.6

41±3

0.1±0.1

42.5 ±0.8

77±3.0

0.1±0.1

13.2±0.7

79±10

0.2±0.1

12.6±0.8

127±32

0.2±0.1
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